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ABSTRACT

Background: Both rutin and brucine can suppress tumor growth mainly through the induction of
apoptosis. This study aims to evaluate the potential of nanosponge based delivery to enhance the
therapeutic efficacy of rutin and brucine combination against cancer. Materials and Methods:
Rutin and brucine nanosponges were prepared separately by employing the quasi-emulsion
solvent diffusion method. The formulations were examined for various pharmaceutical properties
as well as antioxidant and cytotoxicity effects. Results: The prepared nanosponges resulted
in higher drug encapsulation (81% and 88% for rutin and brucine, respectively). FTIR, DSC,
and XRD confirm the successful entrapment of bioactives and amorphous dispersion without
drug-excipient interactions. Scanning electron microscopy revealed spherical, non-aggregated
particles with size range of 300-400 nm. In vitro release studies demonstrated sustained drug
release from nanosponges compared to pure bioactives. The DPPH radical scavenging assay
showed that combined delivery of nanosponges produced superior antioxidant activity,
displaying a synergetic effect at lower concentrations (10-50 pug/mL). Notably, cytotoxic effect
on HaCaT cell lines showed that the combination of delivery leads to ~4 fold improvement in
potency with marked reductioninIC_; (20.66 pg/mL) than individual administration. Conclusion:
Combination administration using developed nanosponges led to a notable rise in antioxidant
activity as well as enhanced anticancer activity, suggesting that this could be a viable strategy
for cancer therapy.

Keywords: Antioxidant Activity, Brucine, Combination Therapy, Cytotoxicity, Nanosponges,
Rutin.
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Cancer is a highly complex and multifactorial disease involving
dysregulated signaling pathways that drive uncontrolled cellular
proliferation, evasion of apoptosis, sustained angiogenesis,
immune escape, and the ability to invade surrounding tissues
and metastasize to distant organs."? In 2020, more than 19.3
million new cancer cases were diagnosed worldwide, resulting in
approximately 10 million deaths.? Incidence rates are projected to
rise further due to aging populations, environmental risk factors,
and lifestyle-related determinants. Current cancer treatments
include surgery, radiation, chemotherapy, immunotherapy, and
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targeted therapies, often used in multimodal regimens.* Despite
major advancements in diagnostic imaging, molecular profiling,
and therapeutic strategies, conventional chemotherapy continues
torepresenta central component of cancer management. However,
its clinical utility is significantly limited by inherent challenges,
including non-specific biodistribution, dose-limiting systemic
toxicities, emergence of multidrug resistance, and suboptimal
pharmacokinetics that hinder effective drug accumulation at
tumor sites.>® These challenges have driven interest in combination
approaches such as chemo-immunotherapy, as well as advanced
delivery systems that aim to enhance tumor targeting, overcome
resistance, and improve therapeutic outcomes.”®

The co-delivery of chemotherapeutic agents with phytochemicals
using nanocarriers has emerged as a promising strategy to
overcome the limitations of conventional monotherapy.
Phytochemicals such as curcumin, resveratrol, and quercetin
exhibit pleiotropic anticancer effects, including modulation of
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signaling pathways, induction of apoptosis, and reversal of MDR,
thereby sensitizing tumor cells to standard chemotherapeutics.”
The combination of natural phytochemicals with conventional
chemotherapeutic agents has attracted significant attention, as
their intrinsic antioxidant, pro-apoptotic, and anti-proliferative
activities can potentiate the anticancer efficacy of synthetic drugs
while concurrently reducing treatment-associated toxicity."
Nanocarrier-based co-delivery systems, including vesicular
carriers such as liposomes and niosomes, as well as lipid-based
platforms like solid lipid nanoparticles, nanostructured lipid
carriers, and polymeric micelles, facilitate synchronized drug
release, enhance tumor-specific targeting, and minimize systemic
toxicity, thereby improving therapeutic efficacy compared to free
drug combinations.'***

Among these systems, nanosponges have recently gained
significant attention due to their highly porous, cross-linked
polymeric architecture, which allows high drug loading,
controlled release, and protection of labile phytochemicals from
degradation.”” Nanosponge-based formulations are capable
to enhance the solubility and bioavailability of hydrophobic
phytochemicals as well as permit the simultaneous incorporation
of multiple drugs, making them particularly attractive for
co-delivery strategies.”® By modulating release kinetics,
nanosponges achieve sustained drug delivery, maintaining
therapeutic plasma concentrations over extended periods and
reducing dosing frequency.”” A cyclodextrin nanosponge based
hydrogel was successfully developed for the co-delivery of
curcumin and resveratrol.'® The system enhanced drug release,
photostability, and showed strong synergistic cytotoxicity against
MCE-7 breast cancer cells. Peptide-functionalized nanosponges
have been developed for the co-delivery of paclitaxel and
camptothecin, where tumor-targeting peptides improved
selectivity and significantly reduced tumor growth in an in vivo
lung cancer model.” pH-sensitive and ligand-functionalized
nanosponges enable controlled, targeted co-delivery of anticancer
agents, while theranostic nanosponges incorporating imaging
probes allow simultaneous treatment and real time monitoring,
showing enhanced efficacy in cancer models.*® Collectively,
nanosponge mediated co-delivery platforms offer a versatile
and effective approach to maximize the therapeutic potential of

phytochemical-chemotherapy combinations.**

Rutin, a naturally occurring flavonoid glycoside (quercetin-3-
rutinoside), possesses strong antioxidant and anti-inflammatory
properties, along with anticancer potential. It exerts its effects by
modulating key signaling pathways such as PI3K/Akt, MAPK,
and NF-kB, leading to cell cycle arrest and apoptosis in various
cancers, including colon, breast, and lung malignancies.” Despite
its promising pharmacological profile, rutin exhibits poor
aqueous solubility, limited gastrointestinal permeability, and rapid
metabolic degradation, resulting in low systemic bioavailability.?

Consequently, the design of advanced delivery systems is essential
to improve its solubility, protect against premature degradation,
and enable sustained therapeutic release.

Brucine is an indole alkaloid derived from Strychnos nux-vomica
that exhibits notable anticancer activity through multiple
mechanisms, including induction of apoptosis, inhibition of
angiogenesis, and suppression of tumor cell proliferation. It has
demonstrated efficacy against hepatocellular carcinoma, breast
cancer, and lung cancer models, but its clinical use is limited by
narrow therapeutic index and systemic toxicity.”* Similar to many
plant-derived alkaloids, brucine is limited by a narrow therapeutic
index and significant systemic toxicity, notably neurotoxic and
cardiotoxic effects, which restrict its clinical utility.*® Therefore,
the development of controlled-release delivery strategies is critical
to utilize its anticancer potential while improving safety. In this
context, the development of nanosponges can improve drug
loading and provide controlled release of both rutin and brucine
while protecting these biactives from premature degradation, and
improve their therapeutic efficacy in anticancer applications.

Although rutin and brucine have been individually investigated
for their anticancer potential, their combined delivery via
nanosponge carriers remains largely unexplored. To address
this gap, the present study focuses on the development and
characterization of rutin and brucine loaded nanosponges for
combination cancer therapy. This approach aims to establish
nanosponge based combination delivery as a strategy to
enhance the therapeutic effectiveness of rutin and brucine
while minimizing their individual pharmacokinetic and toxicity
related limitations. The nanosponges were fabricated using ethyl
cellulose as the polymeric matrix through a quasi-emulsion
solvent diffusion method. Comprehensive characterization was
performed by Scanning Electron Microscopy (SEM), Fourier
Transform Infrared (FTIR) spectroscopy, Differential Scanning
Calorimetry (DSC), and X-ray diffraction, alongside evaluations
of encapsulation eficiency, in vitro drug release, antioxidant
activity, and anticancer efficacy.

MATERIALS AND METHODS

Chemicals

Both bioactives, brucine and rutin, as well as sodium chloride,
disodium hydrogen orthophosphate, and potassium dihydrogen
phosphate, were purchased from High Purity Laboratory
Chemicals, Mumbai, India. Ethyl cellulose and Polyvinyl Alcohol
(PVA) were procured from Thomas Baker (chemicals), Mumbai,
India. Dichloromethane (DCM) and methanol were brought from
Loba Chemie, Mumbai, India, and Sisco Research Laboratories,
Mumbeai, India, respectively. HaCaT cell line was acquired from
the National Centre for Cell Sciences, Pune, India. Distilled water
was used for experimental studies.
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Estimation of Rutin and Brucine

Stock solutions of rutin and brucine (100 ug/mL in methanol/
phosphate buffer saline -PBS pH 7.4) were individually scanned
in a Genesys UV-visible spectrophotometer (Thermo Fisher
Scientific, Madison, USA) within the 200 to 800 nm range using
the respective solvent as blank. The wavelengths corresponding
to maximum absorbance were identified (357 nm for rutin and
265 nm for brucine). The isobestic point is determined from the
recorded spectrum, which is the wavelength at which the spectra
of two drugs intersect each other and was noted at 320 nm. For
simultaneous estimation in binary mixtures, absorbance was
recorded at the respective )\max and the isobestic wavelength, and
drug concentrations were calculated using the isobestic point
method based on the Beer-Lambert law.

Preparation of Rutin and Brucine Loaded
Nanosponges

Rutin and brucine encapsulated nanosponges were fabricated
employing the quasi-emulsion solvent diffusion method reported
previously with minor modifications.”*” The composition of
prepared nanosponges is presented in Table 1. Briefly, a measured
quantity of ethyl cellulose (500, 700, or 900 mg) was dissolved in
20 mL of DCM (internal organic phase) under magnetic stirring
to get a clear solution. The respective drug (rutin or brucine)
was added (100 mg) to this solution and stirred until completely
dissolved. Separately, the external aqueous phase was prepared by
dissolving PVA (20 mL) in distilled water, followed by heating (up
to 70°C) with constant stirring until a clear solution was obtained.
The prepared solution was cooled to room temperature. Then the
organic phase was added dropwise to the aqueous phase while
stirring at 500 rpm for 3 hr, resulting in nanosponges formation.
Later, nanosponges were filtered using Whatman filter paper,
rinsed with distilled water and then dried at 40°C in an oven.

Production Yield

The production yield of prepared nanosponges was calculated
by comparing the practical yield with the theoretical yield. The
practical yield was obtained by measuring the dried weight of
bioactive loaded nanosponges after preparation. The theoretical
weight was calculated as the total weight of drug and excipients
used. The following formula was used to calculate the production
yield.”®
Practical yield

————— X 100
Theoretical yield

Y%Production yield =

Encapsulation Efficiency

Bioactives containing nanosponges were accurately weighed (20
mg) and grinded using a mortar and pestle. Methanol (10 mL)
was added to the triturate and the mixture was sonicated in a bath
sonicator for 15 min for complete release of encapsulated bioactive
from nanosponges. The samples were filtered using 0.45 um pore
size membrane filter and analyzed using UV spectrophotometer

(Thermo Fisher Scientific, Madison, USA). The following formula
was used to calculate entrapment efficiency.”

Vr
Mmp
Md(Md + Mp)

Cr X

%Entrapment Efficiency = x 100

Where Cr is the concentration of bioactive in the release medium,
Vr is the volume of release medium, Mmp is the mass of porous
nanosponges, and Md and Mp are the initial mass of the polymer
and the drug/bioactive encapsulated, respectively.

FTIR Analysis

FTIR spectra of blank, rutin loaded, and brucine loaded
nanosponges were recorded using an FTIR spectrometer (Model
BX-II, PerkinElmer, Waltham, MA, USA). Samples were prepared
by the KBr disc method, in which the sample was mixed with
spectroscopic-grade KBr and compressed at a pressure of 5 tons
for 4 min using a hydraulic press. The spectra were recorded in
the range of 400-4000 cm~" with a resolution of 2 cm™" at room
temperature.”

Field Emission-SEM (FE-SEM)

The surface topography and morphology of blank, rutin loaded,
and brucine loaded nanosponges were examined using a FE-SEM
instrument (Model 7610F Plus, JEOL, Peabody, MA, USA).
Samples were sputter-coated with gold-palladium in an argon
atmosphere at room temperature for 15-20 min to enhance
conductivity.® Samples were observed under an accelerating
voltage of 30 kV and images were captured at magnifications
ranging from 10x to 300,000x.

DSC Study

Thermal analysis of blank nanosponges, and rutin plus brucine
nanosponges combination (1:1 w/w) was performed using a DSC
instrument (Discovery 25, TA InstrumentsWaters, New Castle,
DE, USA) to investigate possible drug-polymer interactions and
changes in crystallinity. Approximately 3-5 mg of each sample
was accurately weighed and hermetically sealed in standard
aluminum pans to prevent moisture loss and oxidation. An empty
aluminum pan was used as a reference. The samples were heated
from 10 to 300°C at a constant heating rate of 10°C/min under a
continuous flow of nitrogen gas (50 mL/min) to provide an inert
atmosphere and the DSC curves were recorded.

X-ray Diffraction

X-ray diffraction patterns of blank, rutin loaded nanosponges,
and brucine loaded nanosponges were recorded using a powder
X-ray diffractometer (SmartLab 3 kW, Rigaku, UK). The
diffraction profiles were obtained over a 20 range of 10°-80°, with
a step time of 0.5 s.?® The total acquisition time for each sample
was approximately 1 hr.
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In vitro Release

The release profiles of pure bioactives, rutin loaded nanosponges,
and brucine loaded nanosponges were evaluated using the dialysis
bag method. Regenerated cellulose dialysis membranes (pore
size 2.4 nm, MWCO 12,000-14,000 Da; Hi-Media Laboratories
Pvt. Ltd., Mumbai, India) were pre-soaked overnight in PBS (pH
7.4). Accurately weighed samples (10 mg) were placed inside the
dialysis bags, which were sealed at both ends with thread and
immersed in 100 mL of PBS (pH 7.4) maintained at 37+0.5°C with
constant stirring at 100 rpm. At predetermined time intervals,
2 mL aliquots were withdrawn and immediately replaced with
an equal volume of fresh PBS. The drug concentration in each
sample was quantified by UV spectrophotometry. Further,
the data were analyzed using various mathematical models to

determine release kinetics.*!

In vitro Anti-oxidant Activity

The antioxidant activity of pure rutin, pure brucine, rutin
loaded nanosponges, brucine loaded nanosponges, and rutin
plus brucine nanosponges (combination) was evaluated using a
slightly modified 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) assay
based on the method described in the literature.> A 0.1 mM
DPPH solution was prepared by dissolving 1.97 mg of DPPH
in 50 mL of methanol. One milliliter of each test sample at
different concentrations (10, 20, 50, 100, 200, 350, and 500 pg/
mL) was mixed with 1 mL of the DPPH solution. The mixtures
were incubated in the dark at room temperature for 30 min, after
which the absorbance was measured at 517 nm using a Genesys
UV-visible spectrophotometer (Thermo Fisher
Madison, USA). A DPPH solution without any test sample served
as the control, and methanol was used as the blank. A decrease in

Scientific,

absorbance indicated increased free radical scavenging activity,
which was calculated using the following equation:

—A
sampie) % 100

Acontro!

Aconrro!

Scavenging effect (%) = (

Where, A is the absorbance of blank DPPH solution and

A isthe absorbance of incubated sample.

sample

In vitro Cytotoxicity Assay Using HaCaT Cell Lines

The cytotoxicity of the test samples was evaluated using the
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
(MTT)assay. Briefly, ina 96-well plate, 10000 cells/well were seeded
and grown for 24 hr at 37°C with 5% CO, in an incubator. Then the
media was replaced with 100 uL of MTT with a concentration of
0.5 mg/mL and kept for 4 hr. Further, the MTT was removed and
100 uL of DMSO was added to each well and kept for incubation
at 37°C, 1 hr in dark conditions. The plates were gently agitated
on a gyratory shaker to facilitate solubilization. Absorbance was
measured at 570 nm with a reference wavelength of 630 nm using
Agilent BioTek Synergy H1 Multimode Reader. % Cell viability
was calculated based on the following formula. ICs, value was
determined from the normalized best-fit cytotoxicity curve.

% cell viability = Mean absorbance of treated cells
o Cet VY = Y ean absorbance of untreated cells

RESULTS AND DISCUSSION

X 100

Estimation of Rutin and Brucine

Maximum absorbance wavelengths (A ) of rutin and brucine
were 357 nm and 265 nm, respectively. The overlay plot of both
drugs is depicted in Figure 1. As observed from the figure, the
isosbestic point, where the absorption spectra of both compounds
intersect was determined to be 320 nm. The calibration curve was
constructed for rutin and brucine in both methanol and PBS (pH
7.4), corresponding to their A as well as at isobestic points.
The graphs demonstrated that the concentrations of both drugs
exhibited a linear relationship with absorbance, characterized
by a regression coefficient, a slope and a Y-intercept (data not
shown). The analytical method developed was found to be
precise, specific, and robust.

Preparation of Rutin and Brucine Loaded
Nanosponges

The formulation of nanosponges was carried out by the
quasi-emulsion solvent diffusion technique, which is widely used
owing to its potential to produce porous, stable nanostructures
with higher entrapment efficiency.®® It has been described that
adding the organic phase dropwise to the aqueous solution
promotes fast diffusion of the organic solvent into the continuous

Table 1: Composition of rutin and brucine loaded nanosponges.

Batch Rutin (mg) Brucine (mg)

RUT-MIS-1 100 - 500
RUT-MIS-2 100 - 700
RUT-MIS-3 100 - 900
BRC-MIS-1 - 100 500
BRC-MIS-2 - 100 700
BRC-MIS-3 - 100 900

Ethyl cellulose (mg)

Polyvinyl alcohol Dichloromethane (mL)

(mg)

100 20
100 20
100 20
100 20
100 20
100 20
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phase, resulting in polymer precipitation and trapping the drug
inside a porous polymer matrix.** In addition, the formulation
and stabilization of nanosponges are significantly influenced
by the amount of PVA, ethyl cellulose (polymer) and solvent
used. In this process, PVA functioned as an emulsifying agent to
stabilize the formulation, while ethyl cellulose contributed to the

structural framework of the nanosponges.*

Formulations were prepared by varying the drug to polymer
ratios (1:5, 1:7 and 1:9) and evaluated for various properties. The
production yield and encapsulation efficiency of the prepared
batches are presented in Table 2. It can be seen that the increase
in drug-to-polymer ratio from 1:5 to 1:7 increases the production
yield and encapsulation efficiency in both cases. However,
further increase in the ratio leads to decrease in both yield and
encapsulation as seen in Table 2. The initial increase in drug
entrapment could be explained by the fact that increasing polymer
content often increases the accessible matrix for drug entrapment,
in addition to increasing intramolecular forces, organic-phase

viscosity, and slowing DCM diftusion. As a result, larger droplets

FTIR Analysis

FTIR is an efficient technique for determining the functional
groups in an unknown sample and predicting alterations to
functional groups in any combination of substances. The FTIR
spectra of blank, rutin loaded, and brucine loaded nanosponges
are presented in Figure 2. A distinctive absorption peak at 3453
cm~" in the FTIR spectrum of blank nanosponges indicated
the presence of hydroxyl (OH) groups of ethyl cellulose.®
Bands at 2972 cm~" and 2874 cm~" indicate C-H stretching,
which is typical for aliphatic hydrocarbons and indicates both
intra and intermolecular hydrogen bonding in OH groups.
The presence of PVA is confirmed by a distinct carbonyl band
at 1738 cm~", the band at 1636 cm~" corresponding to carbonyl
(C=C) stretching, and the bands at 1445 cm~' and 1384.09
cm~! attributed to CH, bending vibration.”” For rutin, the major
drug peaks were observed at 3416 cm™ (O-H stretching), 2919
cm! (aliphatic C-H), 1638 cm ™ and 1618 cm™ (conjugated C=0/
C=C), and 1062 cm™* (strong sugar/ether bands), indicating drug

Table 2: Production yield and encapsulation efficiency of the prepared
batches.

and nanosponges with a denser polymer network will form, Batch %T;oductlon o f:':'capsmat'on
e emcienc
allowing for more bioactives to be encapsulated.” The decrease in Y :3,4‘V o p—— 0;’3
= = 2H0) +0.
drug entrapment at an increased ethyl cellulose ratio (1:9) could RUT-MIS.2 9800 0021 8100 0013
-MIS- + +
be attributed to a more viscous organic phase, which created 1620. 00,
- - 0, 0,
larger droplets that solidified more slowly, allowing for greater RUT-MIS-3 96%0.011 76%20.021
o - 0 0,
drug partitioning into the aqueous phase.”” Batches RUT-MIS-2 IO Lo e
and BRC-MIS-2 were chosen for further characterisation due to ~ bRC-MIS-2 S BEatllD
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Figure 1: Overlay UV spectra of rutin and brucine.
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Figure 2: FTIR spectra of (a) blank nanosponges, (b) rutin loaded nanosponges, and (c) brucine loaded nanosponges.

presence in prepared nanosponges.®® Further, brucine loaded
nanosponges showed characteristic drug peaks at 3477/3418
cm~" (O-H stretching), 2976/2874 cm~" (C-H stretching), 1638
cm~! (C=0 stretching), and 1619 cm~' (aromatic stretching),

confirming the drug presence in the formulation.”** The

Indian Jo

spectra confirm the presence of both drugs, ethyl cellulose and
PVA. Overall, the absence of any new diagnostic peaks along
with a very few minor shifts of some peaks here indicates drug
encapsulation with no drug-excipient interaction, as described in

the literature.!
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FE-SEM

SEM has consistently been used to examine the morphology
and particle size of the prepared nanosponges.*® The FE-SEM
micrographs of blank, rutin loaded nanosponges, and brucine
loaded nanosponges are presented in Figure 3. The blank
nanosponges demonstrated that the particles were discrete and
non-agglomerated, with a spherical shape and surface pores with
particle sizes ranging from 300 to 400 nm. The non-aggregation
of nanosponges could be attributed to the inclusion of PVA in
the formulation, as previously described.*”? On the other hand, the
pore development results from the quick evaporation of organic
solvent (in this case, DCM) from the surface of nanosponges.*

(a)

The rutin loaded nanosponges exhibited partial pore filling
compared to blank, which could be because the bioactive was
encased in the nanosponges porous architecture, according to
literature.* They were spherical and possess similar particle size
of blanks. The brucine loaded nanosponges displayed a similar
gross morphology to the blank nanosponges. These observations

were consistent with earlier studies reported.”*

DSC Study

According to the literature, DSC can be used to determine the
physical state of the drug in nanosponges as well as to validate
whether the guest molecules are trapped in their porous spaces.”

/ wﬂ"_ |

(b) (c)

Figure 3: FESEM image of (a) blank, (b) rutin loaded nanosponges, and (c) brucine loaded nanosponges. The scale bar represents 100
pm.
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Figure 4: DSC thermogram of (a) blank nanosponges, and (b) rutin plus brucine nanosponges combination.
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Figure 5: X-ray diffraction pattern of (a) blank nanosponges, (b) rutin loaded nanosponges, and (c) brucine loaded nanosponges.

Thermal analysis of blank, and rutin plus brucine nanosponges
combination is presented in Figure 4. The blank thermogram
revealed a broad exothermic peak around 45-85°C, indicating
water loss during the initial heating cycle, which is typical in this
temperature range. The thermal events observed at 135°C and
171°C correspond to the glass transition temperature and melting
point, respectively, of ethyl cellulose.** Another wide exotherm
observed at 232.61°C matches to the melting point of PVA. The
slight fluctuation in glass transition temperature and enthalpy
reported here could be attributed to the interaction of ethyl
cellulose and PVA in blank nanosponges. On the other hand, the

bioactive loaded nanosponges showed a broad low temperature
event (55-146°C), probably attributed to the bound water. The
minor events observed at 159-199°C and 213-260°C correspond
to the brucine and rutin melting points, respectively, which also
confirms the successful entrapment of bioactives in the developed
nanosponges. Interestingly, the absence of any sharp peaks here
suggests the bioactives are in amorphous state.

X-ray Diffraction

XRD studies on nanosponges were generally carried out to
investigate the crystallinity of pure bioactives in the samples
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after their entrapment in nanosponges.* In the present study,
XRD was performed for blank, rutin loaded, and brucine loaded
nanosponges, and are presented in Figure 5. It has been reported
that the crystalline properties of rutin is indicated by a sharp
diffraction peak at 20=26.22°3* Similarly, crystalline properties
of brucine was evidenced by sharp peaks at 26=11.98°, 13.82°,
18.32°, 21.44°, 22.74°, 23.79° and 32.72° according to an earlier
study.”” However, in the current investigation, it is evident from
the diffractograms (Figure 5) that both blank nanosponges and
bioactives loaded nanosponges did not show any crystalline
peaks. This investigation demonstrated that the low intensity
XRD diffraction peaks obtained here signifies the crystalline
character of rutin/brucine was totally changed to amorphous
form when encapsulated in nanosponges. Similar findings were
obtained for carbamazepine nanosponges fabricated employing
ethyl cellulose polymer via quasi emulsion technique.?

In vitro Release

The effectiveness and therapeutic potential of developed
formulations are evaluated by drug release tests, which replicate
the availability of drugs at the site of action. This investigation
ensures the uniformity, efficacy, and compatibility of the
formulation and helps predict in vivo behavior.* Furthermore,
this test is a way to assess the quality of developed formulations.
Figure 6 compares the release profiles of pure rutin, pure brucine,
rutin loaded nanosponges, and brucine loaded nanosponges. The
figure reveals that the release of pure rutin was comparatively slow
(though being more hydrophilic than brucine) and consistent,
with only ~67% in 6 hr, while it was rapid and complete with
pure brucine. Two distinct release profiles were exhibited by pure
rutin and rutin loaded nanosponges. Indeed, the release was
considerably decreased when rutin wasloaded in the nanosponges

and the cumulative amount released was statistically significant
(p<0.0001). Similar observation was also noticed with brucine
loaded nanosponges, with the % release at the end of the study
being low (p<0.05) as compared to pure brucine. Overall, the
release of bioactives from nanosponges was observed to be slower
when compared to that of pure bioactives. This slower diffusion
into the external medium could be attributed to the hydrophobic
nature of the polymer used, which might have hindered media
penetration into the nanoparticle matrix. It is well documented
in the literature that nanosponges provide sustained release
of entrapped bioactives encapsulated within their internal
matrix.** The results of release kinetics data of pure rutin and
pure brucine suggest the best-fit with the first-order release model,
as evidenced by the highest regression coefficients (R*=0.9502 for
rutin and 0.9790 for brucine). However, the release behavior of
both bioactives loaded nanosponges displayed good fit with the
zero-order model (R*=0.9402 for rutin and 0.9878 for brucine),
signifying consistent drug release. Such release behavior has been
reported earlier, further supporting the reliability of the present

observations.*"*?

In vitro Anti-oxidant Activity

The anti-oxidant activity is based on the reduction of DPPH,
which is a persistent free radical with an odd electron and
produces a purple colorat A 517, making it the most absorbent.
Antioxidants serve an important role in converting DPPH into
its reduced form, DPPH-H, which has a decreased absorbance
when combined with hydrogen donor. This technique is
critical for determining a compound's free radical scavenging
capacity. The extent of decolorization from violet to yellow
correlates with the number of electrons collected, indicating
a higher antioxidant potential.®® The antioxidant activity of
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Figure 6: Comparative in vitro release profiles of pure rutin, pure brucine, rutin loaded nanosponges,
and brucine loaded nanosponges.
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Figure 7: Free radical scavenging activity of (a) rutin/rutin loaded nanosponges, (b) brucine/brucine loaded nanosponges, and (c)
rutin plus brucine nanosponges combination.

pure rutin, pure brucine, rutin loaded nanosponges, brucine
loaded nanosponges, and combined nanosponges is presented
in Figure 7. For pure rutin, the % inhibition for free radicals
was found ranging from 70.10% to 99.09% (Figure 7a), which
was comparable to an earlier finding.** On the other hand, for
rutin loaded nanosponges, the inhibition was from 68.52%
to 99.00%. At lower concentrations, the activity was relatively
lower than pure rutin; however, at higher concentrations (350
and 500 pg/mL), the inhibition was comparable. Similar to pure
rutin, pure brucine showed an increase in % inhibition of free
radicals when the concentration of bioactives used is increased
(Figure 7). However, its antioxidant potential was found to be

10

lower than rutin at the same concentrations. When compared to
brucine loaded nanosponges, pure brucine was found to be more
effective at the same concentrations. The highest concentration of
brucine loaded nanosponges tested (500 pug/mL) showed 75.17%
inhibition, which is lower than rutin and rutin nanosponges,
though comparable to ascorbic acid (generally used as standard
for antioxidant assay) reported in literature. >

A comparison of the antioxidant activity of pure brucine and
pure rutin at a greater concentration (500 pg/mL) reveals a
similar effectiveness; however, rutin outperformed its brucine
counterpart at the lowest measured dose (10 pg/mL). This
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may be attributed to the number as well as the location of
electron-donating group (OCH, group for brucine and OH group
for rutin) in the respective bioactives.***” Brucine possesses two
methoxy groups located at 9 and 10 positions of the aromatic
ring,”® whereas rutin has five hydroxy groups located at A ring
(C-5and C-7 ), Bring (C-3 and C-4 ), C ring (C-3).” It is worth
mentioning that the type of groups and their location, along with
their number have played a role in exhibiting the antioxidant
effect.

It is apparent from Figure 7C that rutin loaded nanosponges
DPPH loaded

nanosponges across all concentrations. The 1:1 (w/w) mixture

showed higher scavenging than brucine
of rutin loaded nanosponges and brucine loaded nanosponges
(combination) demonstrated synergetic inhibition (as brucine
potentiates the effect of rutin) than rutin alone at low doses (10-50
pg/mL), and was comparable at higher levels. The increased
percentage inhibition observed with the combination (half the
dose of rutin and brucine) at low dose could be explained by the
fact that brucine nanosponges and rutin nanosponges enhanced
the scavenging effect of the combination more than individual
nanosponges may be through a synergistic effect. However,
at greater doses, the assay approaches an upper limit, so the

combined effect is not visible.

In vitro Cytotoxicity Assay

The MTT test, typically used to screen dose-response relationships
and obtain ICs, values, was used to examine the cytotoxic
response of the developed nanosponges. The HaCaT cells, which
are immortalized human keratinocytes, are a valuable normal-cell
comparator for evaluating off-target toxicity and were used in this
work. The cytotoxicity effect of rutin loaded nanosponges, brucine
loaded nanosponges, and combined nanosponges is presented
in Figure 8. Three distinct curves were noticed when HaCaT
cells were treated with different nanosponge formulations, and
viability decreased with the tested concentration (1-1350 pg/mL).
Rutin loaded and brucine loaded nanosponges had comparable
IC,, values (83.52 ug/mL and 79.34 pg/mlL, respectively), but
interestingly, combined nanosponges had a significantly lower
IC,, of 20.66 ug/mL. This ~4 fold improvement in potency
suggests that delivering these bioactives in nanosponges as a
combination enhances the overall cytotoxic effect on HaCaT.
The possible reasons for this additive activity could be due to the
complementary mechanisms, wherein a polyphenolic flavonoid
(rutin) and a strychnos alkaloid (brucine) scaffold engage distinct
redox and signaling pathways.”* According to reports, rutin
inhibits the growth of certain cancer types by altering signaling
pathways that control oxidative stress, apoptosis, angiogenesis,
and cell cycle progression.®® Similarly, brucine, a multi-target
anticancer agent, inhibits angiogenesis via VEGFR-2/VEGF/
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Figure 8: MTT viability assay results of cells treated with different concentrations of (a) rutin loaded nanosponges, (b) brucine loaded
nanosponges, and (c) rutin plus brucine nanosponges combination.
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TNF-a modulation, suppresses Wnt/p-catenin and HIF-1
signaling, and induces mitochondrial apoptosis, thereby limiting
proliferation, migration, and invasion.”® Overall, the results of
this study demonstrated a synergetic cytotoxic effect when the
rutin loaded nanosponges and brucine loaded nanosponges are
combined.

CONCLUSION

The current study investigated the possibility of combination
delivery of rutin and brucine nanosponges to boost therapeutic
efficacy in cancer therapy. Rutin and brucine nanosponges were
made separately, resulted in higher encapsulation. The FTIR
spectra confirm drug encapsulation and no drug-excipient
interaction. Scanning electron microscopy shows that the particles
are spherical, non-aggregation, and in the nano size range.
Thermal examination reveals that bioactives were successfully
entrapped in the prepared nanosponges, and are in amorphous
state. The X-ray diffractograms of both blank and bioactive
loaded nanosponges showed no crystalline peaks. In vitro
release findings demonstrated that encapsulating rutin/brucine
in nanosponges considerably delayed and prolonged release
as compared to pure bioactives. At low doses (10-50 ug/mL),
combined delivery of nanosponges inhibited DPPH scavenging
more effectively than rutin or brucine alone. Interestingly, the
combination demonstrated stronger anticancer activity with
a significantly lower IC_ value than when utilized alone in the
MTT assay.
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